Abstract
Background and aims
Diabetes mellitus (DM) is a multifactorial metabolic disorder, characterized by hyperglycemia caused by insulin deficiency or insulin resistance [1] . DM is a significant public health issue, being one of the major contributors to morbidity and mortality in the modern societies [2] . The number of DM patients in the developed countries of the world is 2-6% of the total population. The latest International Diabetes Federation figures indicate that 415 million people (or 1 in 11 persons) have diabetes; this figure is expected to increase to 642 million or almost 10% of the general population by 2040 [3] .
The prevalence of diabetes varies in different populations depending on the factors such as genetic and cultural background, ranging, for instance, from 10% in the Japanese to 40% in Pima Indians [4] . Some factors linked to the prevalence of diabetes in populations across the world are the region, level of economic development of the country, gender and age. Notably, about 75% of DM patients live in low and medium income countries [5] .
Chronic hyperglycemia causes significant physiological, biochemical, and histological in the affected organisms [6] . In physiological conditions, constitutive forms of NO synthases (cNOS), endothelial (eNOS) and neuronal (nNOS) expressed in the mucous and muscular shell of the digestive organs, are calciumdependent and ensure biosynthesis of insignificant quantities of nitric oxide, which regulates secretion, motility, absorption, blood flow, supports structure and function of the mucosal barrier, and the process of intercellular integration [7] . DM increases the activity of inducible NO-synthase (iNOS), which is localized in the endothelial, epithelial, immune cells and smooth myocytes of the intestine [7] , while it decreases the expression of nNOS in NO-ergic neurons [9] . Hyperglycemia induces the development of oxidative stress and changes activity of antioxidant protection enzymes, affecting motor activity of the intestine [10] .
This study tracked changes to the indices of nitric oxide system in blood serum and colon tissue supernatant of rats with carrageenaninduced enterocolitis combined with diabetes mellitus.
Material and methods
The experimental animals, white nonlinear mature male rats (n=48) were kept on a standard diet at the animal facility of I. Horbachevsky Ternopil State Medical University. Animal treatment and all experimental procedures were done in compliance with the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes [11] .
Four control and experimental groups were set up: control group (n=12); animals with diabetes mellitus (n=12); animals with carrageenan-induced enterocolitis (n=12); and animals with diabetes mellitus and carrageenaninduced enterocolitis (n=12).
Diabetes mellitus (DM) was induced by a single intraperitoneal administration of streptozotocin (Sigma Aldrich, USA, at a dose of 60 mg/kg body weight) [12] . Immediately prior to the administration, streptozotocin was dissolved in 0.1 M citrate buffer (pH 4.5). The control group received a corresponding amount of citrate buffer. Animals with glucose level of at least 10.8 mmol/L in 2 weeks after streptozotocin administration were included in the DM experimental groups.
Carrageenan-induced enterocolitis (CEC) was modeled by giving the animals free access to 1.0% solution of carrageenan in drinking water for 1 month [13] . We used blood serum and colon homogenate of the rats to study the markers. Concentration of glucose in blood serum was determined using a glucometer (MediSense UK Ltd., Great Britain).
NOS activity assay in the supernatant of colon homogenate was performed by monitoring the rate of conversion of L-arginine into citrulline [14] . Total protein was measured by Lowry assay [15] .
The total concentration of NO 2-+ NO 3-was estimated by adding the quantity of nitrite ions that were previously present in the sample (NO 2-) to the amount of nitrate ions reduced to nitrites (NO 3-) [16] .
The data were processed using the software package Statistica 6.1 for Windows. Intergroup comparisons were performed using MannWhitney U test. The median (Me) and interquartile range (IQR [Q25-Q75]) were used. Differences with p-value of ≤0.05 were accepted as statistically significant.
Results
Total NOS activity in the rat colon tissue supernatant of was significantly greater in all experimental groups as compared to the control group (54.8, 30.6 and 79.2% respectively), being the largest in the rats with CEC combined with DM (Table 1) . tissue supernatant of rats with diabetes mellitus was significantly, 2.8 times, higher, rats with carrageenan-induced enterocolitis 1.9 times higher and rats with carrageenan-induced enterocolitis combined with diabetes mellitus 3.4 times compared to the control group.
Discussion
Nitric oxide (NO) is a messenger molecule involved in a number of physiological pathways in different cells and tissues. It is formed by enzymatic oxidation of L-arginine by cytochrome P450-like hemoproteins and NOsynthases (NOS) [14] . Three isoforms of this enzyme are described: endothelial (eNOS), neuronal (nNOS) and inducible (iNOS) or macrophagal [17] . Pathophysiology studies revealed that NO can act as an inhibitory neurotransmitter messenger in human intestine [18] . NO plays a significant role in diverse processes such as nervous impulses modulation, regulation of motility and secretion, and cytoprotection of the large intestine [19] .
In the mucous membrane of the large intestine, eNOS is primarily detected in the endothelial and epithelial cells, smooth muscles, thrombocytes and T-cells. While nNOS is mainly localized in the central and peripheral nerves, it is also found in myocytes, epitheliacytes, mastocytes, and neutrophilic white blood cells [19] .
NO is involved in several mechanisms that regulate functional state of smooth muscles of the intestine. NO is a lipophilic molecule, and thus easily diffuses through cell membranes into the neighboring cells (for instance, from endothelial cells to myocytes). There, cyclic guanosine monophosphate decreases free calcium concentration and activates myosin light chain kinase [20] . There are three main mechanisms of NO signaling. The first one involves activation of soluble guanylate cyclase (sGC) through binding to its heme group (thus forming a Fe 2+ -nitrosyl complex); this leads to the formation of cGMP, which in turn stimulates protein kinase G. The second mechanism is Snitrosylation: active forms of nitrogen reversibly attach to nitrosilate thiol groups of target protein cysteins. The final mechanism involves formation of peroxynitrite (ONOO-) with subsequent nitration of the tyrosine and tryptophan residues in proteins, leading to the engagement of mitogen-activated protein kinases, protein kinase C isoforms, transcription factor NF-κB, etc., in the process of signaling [21, 22] . Normally, endogenous NO inhibits the motility of digestive organs [23] . Increasing the activity of iNOS leads to significant reduction in motor activity [24] , whereas inhibition of NOergic blockage of the smooth muscle in the large intestine causes its intensification [8] .
Chronic enterocolitis causes harmful changes in the intestinal mucosa associated with the increased number of reactive oxygen species, increased NO synthesis, iNOS expression in the epithelial cells, infiltration of macrophages and neutrophils into the damaged mucous membrane.
Hridneva (2003) notes that chronic enterocolitis impairs endothelial functions. This is manifested in the activation of free radical oxidation processes and\or decrease in the activity of the antioxidant system, which explains the excessive production of ROS [25] .
Our previous studies also have shown that the number of ROS in rats with DM increased 3.0 times, in rats with CEC by 2.0 times, and in rats with combined pathology 3.4 times compared to the control values [1] .
Our studies show that under streptozotocininduced hyperglycemia, the total activity of NOS and total concentration of NO 2 -+ NO 3 -increased potentially causing decreased smooth muscle tone and disrupting the motor and evacuation functions of the large intestine. Hyperglycemia accompanied by muscle relaxation, and with rising of iNOS activity in the muscular membrane, increases NO concentration. It should be noted, that some nitrogen oxide synthesized by iNOS interacts with the superoxide radical, which leads to the formation of ONOO-. This causes endothelial dysfunction, nitrosylation of cytoplasmic proteins, and activates the processes of lipoperoxidation. Increased activity of iNOS during muscles relaxation is also associated with increased formation of Н 2 О 2 and the impact of pro-inflammatory cytokines that activate expression of mRNA iNOS [10] . Therefore, TNF-α is very important in the development of both DM and CEC. The mechanisms by which TNF-α initiates and enhances inflammation in the intestine are very complex and have so far been poorly understood. A direct negative effect of TNF-α is associated with damage to enterocytes, which leads to increased epithelium permeability. In addition to direct effects on the integrity of the intestinal epithelial barrier, TNF is a powerful inducer of matrix metalloproteinases in the stromal cells of the intestine; it induces production of keratinocyte growth factor, leading to hyperplasia of crypts and causing increased expression of major histocompatibility complex class II antigens [26] .
In case of diabetes mellitus, the production of ROS and peroxynitrite, which cause the development of oxidative and nitrosative stress, is increasing. This may be due to auto-oxidation of glucose, enhanced glycosylation of cellular proteins, activation of the polyol pathway, and increased formation of superoxide radical in the respiratory chain of mitochondria [10] . Moreover, in diabetes mellitus, advanced glycation end products have damaging effect on cell and tissue DNA, accumulating in ganglia, villi and membranes of enterocytes of the intestine [27] .
Study limitation
This study was carried out on a sample of small size. It is therefore essential to validate our findings with a larger sample size to determine the features of nitroxydergic processes more completely.
Conclusions
We determined that, in rats with modeled carrageenan-induced enterocolitis, nitroxydergic process was activated through significant increase in total concentration of NO 2 -+ NO 3 -and total NO synthases activity in blood serum and colon homogenate supernatant. A pronounced intensification of nitroxydergic processes was observed in rats with carrageenaninduced enterocolitis combined with diabetes mellitus.
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